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STABILITY OF BODIES OF REXOLIITION E I A W G  FINENESS 

RATIOS SpIIAIs;ER TEAN 1.0 AND EAVING 

By Stanley H. Scher  and James 3. BoWman, Jr . 

An Fnvestig@tion.has been made of the   s tab i l i ty  of aeveral bodies 
of revolution ham fineness ratios smaller thm 1.0 aSa having rounded 
fronts and blunt bases. Free-drop t e s t s  were made in the  ver t ical  
Langley  20-foot fkee-spinning  tunnel t o  determine  the  behavior of the 
various bodies in  descent.  The results indicated that the s t ab i l i t y  of 
the  bodies as determined f r o m  observed mtione  decreesed as the body 
shapes varied from a hemisphere t o  a near-paraboloid.  Free-oscillation 
tests were made for  some of the bodies and the static s t ab i l i t y  parram- 
eter  C& was found to  be indicative of the .relative behaviors noted 
during the free+- tests. In addition t o  the  determination of sta- 

mate stability of the s d j e c t  type of body w a s  developed. Results 
obtained by this calculation method. agreed w e l l  with t h e   e x p e r b n t a l  
results. 

- 
I b i l i t y  from the free-body tests, a method for  calculating the approxi- 

. IITRODUCTION 

Recently, interest  has been  expressed i n  the behavior in descent of 
vmious  bodies of revolution with rounded fronts and blunt  bases d. with 
fineness  ratios  less than 1.0. Inarnrmch as the theories, such as those 
presented i n  references 1 and 2, which are  avaflable f o r  calculating  the 

small fineness  ratio,  experimental  free-drop tests t o  determine the inher- 
ent  behavior of several such bodles have been made.  The t e s t s  were made 
in the ver t ical  air stream of the e e y  20-foot  .free-spinning  tunnel, 
and the body shapes Fncluded a hemisphere, a near-pqakoloid, and four 
intermediate  bodies. Some of the bodies  (those which were stable),  
while free in the air stream, were oscil lated i n  a single  plane and 

and periods of the  oscillations. In addition, a method for  calculating 

. stability of bodies of revolution are not  applicabie t o  bodies of such 

II their degrees of s t a b i l i t y  were d e t d e d  from observed damping times 

. 



the approximate s ta t ic  s t ab i l i t y  of the  subject  types of bodies is 
developed  and applied t o  the. .bodies... . .  

axial   distancsfrom bow of body . t o  any body s ta t ion 

local body radius -at any stat ion x c 

boay length 

mment of inertia about lateral body axis through  center of 
gravity perpendicular to  longitudinal body axFs 

free-stre-  velocity 

angle of-at tack (body-axis bclfaation  relative  to  free-stream 
flow direction) 

drag coefficient of body st angle of attack of Oo, 'eiRht 
. . . . .  . . . .  ss 

axe8 of base of body . .  

free-stream dynamic pressure " 

jxri0.a .of oscillafiion . . .  I ~ "L".t .. 

time for   osci l la t ion  to  damp t o  one-half applitude 

K summation of aerodynamic derivatives contributing to  moment 
caused by pitching  velocity of body 

P relative demity  factor,  Mass 

KY nondimensional ridius of gyration.  corressonding t o  Iy, ky/L 

p Volume 

D differential  -operator, - 

8 nondimensional time parameter  based on length, Vt/L 

- d  
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cdar9Qo 

ca, 

radius- of gyration correspondFng to  Iy- 

time 

angle between t w e n t  to  body contour and longitudinal body 
axis in plane of synmetry i n  which a - is meamred 

force on element (positive when  upward along transverse axis 
or  reaward along longitudinal exis) 

pitching  mment.about  center o f  gravity due to force on element 8 

(positive when sense of moment is  nose up) 

axial  distance from bow of body t o  center of grav i ty  

moment-arm distance (in plane  perpendicular to  longitudinal 
body axis) f r o m  the axis t o  center of gravity of projection 
of surface area of half the h o l l o w  cy-r  e-nt (used 
3, the value 2 

an inf ini te ly  

pitching-moment 

pitching moment 
forces on all 
i s  nose-up) 

for a semicircumference, representing half of 
t h i n  hollow cylinder >; see fig.  2 - 

coefficient , M 
q Volume 

about center of gravfty due t o  integration of 
body elements (positive when sense of moment 

.. 

local  longitudinal-force  coefficfent at &z1 angle of attack 
of Oo at any x-station  based on body circumference 

local  transverse-farce  coefficient at an angle of attack of 90° 
at any x-station  based on body diameter 

cfrcular-cylinder-section drag coefficient base& on cylinder 
diameter 

r a t io  of the d r a g  coefficient of circular  cylinder of f i n i t e  
length to that  for  cylinder of in f in i te  length 
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Subscripts : . .  r - -  . "  

t transverse'  direction  (perpendicular  to  longitudinal body axis) 

2 longitudinal  direction (pea l le l  tc- 'longitudinal body axis) 

. -  
-. . 

av average 

MODEL AWD APPARATUS 

Model .. . , . -  I .:.. 
L 

Profile  sketches wd aver-all dimensions of the.  bodies of revolution 
used in t h e  Fnvestigation are presented in figure 1. The ordinates of 
the bodies are presented in table I. As cap be seen in figure 1, the 
bodies  included a hemisphere, a near-paraboloid, .apd four  intermediate 
bodies. The six bodies shal l  som.etimes be referred t o  i n  the remainder 
of this paper as bodies. A through F, by which letters they are identified . 

i n  figure .1 and table I. Each body of revolution W ~ S  symmetrical.  about . .  
its longitudinal exis. For the experimental p s r t  of the investigation, 
the bodies  used were made hom0geneoUSl.y of b d s a  segments and had lac- 
quered surfaces. .M@ssL and design info-tion. for.  the bodiea are presented 
i n  table 11, the  center-of-grkvity  locations as listed in the table being 
the natural ones fo r  the respective homogeneous bodies. 

.. 

" 

. 

Wind Tunnel . . .  

The Langley 20-foot free-spinning  tunnel, which has an airspeed 
range up to, mout.95 feet per second, was used for the wtnd-tunnel t e s t  
phase of the investigation. This tunnel has a .ver t ical ly  rising air 
stream and was convenient t o  use in  investigating  experimentally the- 
behavior in descent of the bodies of revolution. 

". 

" 

fiee-Drop Test Methods 

In  the  f reedrop tes ta ,  each body was held with i t a  longitudinal 
ax i s   i n  an attitude somemere between ver t ica l  and an angle of attack 
of about 20° and was released  to   f loat  in the tunnel air stream. Visual 
observations were made of the  behador of  the body i n  the- tunnel air 
stream. Descent velocity was recorded as the  airspeed  necessary  to hold 
the body at 8 given  level in the  tunnel. For those  bodies which descended 
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in a nose-down vertical   at t i tude,  the drag coefficient of the body at an 
angle of attack of O? was obtained by dLvi.ding the weight of the body by 
the  free-stream dynamic pressure a t  descent  velbcity and by the  projected 

The resul ts  were analyzed-to determine the  effects of varyFng the body 
shape on the behavior of the  bodies in descent. R e p o l . &  nmibers of 
the  free-drop  teste, based on lengths of the longitudinal axes and on 
the  rates of descent of the  bodies,  ranged from about 2.5 x 104 t o  about 
7.5 x lo4. Reynolds numbks bksed on cross-bo.dy components OP velocity 
(V sFn a) and on body diameters a t  vaxious stations along  the longitudinal 
axis were for   the most' part between 1.0 x 10 4 and 3 .O x lU4, although 
the lower Umit naturally approached zero for  f0rwaz-d body st&tions with 
very small dismeters or when the angle of  attack of a. body was very 
S m a l l .  

c area of the body in  -a plane  perpendicular t o  the longitudinal body axis . 

Free-Drop Test Results 

The resul ts  of the  free-drop tests m e  presented in table 111. 
After being  released  to float In the tunnel air stream, the  hemispherical 
and near-hemispherical  bodies of revolution, bodies A and B in figure 1, 
quickly assumed a nose-down vertical attitude with l i t t l e  o r  no hori- 
zontal   travel in the tunnel. Bodles C and D a l s o  tr-d generally i n  

b a nose-down vertical  attitude,  although for body C there w e r e  occasional 

- some alight  horizontal travel in  the tunnel. Body E trimmed i n  a nose- 

- oscil lations of the order of &50 from the  vertical,  approximately about 
a la te ra l   ax is  through the  center of gravfty, and for  body D, there was 

down vert ical  attitude part of the the but also tended t o  Illake e r r a t i c  
falling-leaf motions which eventually evolved to a continuous end-over- 
end tumbling mt ion  apprbximstely tibout a lateral body axis  through the 
center of  g a v i t y  while traveling  horizontaUy in  the tunnel. Body F, 
a ne=-paraboloid,  descended wLth a tmibling motion-.similar t o  the one 
just  described. The results indicated that the s tab i l i t y  in descent of 
the homogeneous balsa bodies A t o  F decreased. as the body shapes became 
less l ike  that of a hemisphere.  Although this  decrease in  s t ab i l i t y  
have been due in part t o  more r e m d  (percentagewise)  center-of-gravlty 
locations, a comparison of the  s tabi l i ty  of bodies C wd F, wfiich had 
identical  center-of-@;ravity  locatiom,  indicates a definfte  effect  of 
shape on s tab i l i ty .  A brief addi t ional  test was made in which l e a d '  

bal las t  w a ~  attached t o  the  front of body F, causing  the  center'of  gravity 
t o  move forward far enough so that the body trimmed i n  a  nosedown 
vert ical   a t t i tude .- If s-icient  turning moment was appLied at launching 
to start any of the bodies  rotating,  the body would descend h. the tunnel 
with a -ling motion s M k  t o  that described for body E. The causes 
and geometry of these tmling motions are  not  considered in this paper, . inasmuch as such a study is beyond the scope of the  present  invest$gation. 

8 R 
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Free"0scfUation Test Methods : 

As mentioned ear l ier ,  it-was noticed  during  the  free-drop tests that 
. the motion of four of the  subject  bodies o f  revolution (A, B, C, and F 

with i ts  center of gravity moved forward) as  they  floated in the air 
stream of the wind tunnel.-appeared t o  be substantially a single-degree- 
of-freedom motion approximately  about a lateral axis through the center 
of gravity of the body.  Based on the assumption that such a motion was 
present,  motion-pictures were made ae the bodies were forced t o  osc i l la te  
by means of an externally applied-moment, and the  period of the  oscilla- 
tions and the time to  damp t o  one-half  amplitude were obt-ained from the 
film records. By using the  values of P and T1/2, values of k, as 
well 8s of K (representing  the summation oFthe  der-ivatives contributing 
t o  the mmnt causFd. by the  pitching velocity of the body) I were deter- 
mined as shown i n  .the appendix. . .  " .- . - . .  .-. - - 

" . -" . . . 

.. 

- 

. .  

.. " 

Free-Oscillation Test-  Reeults 

The values of K and & obtained f'or the  four  bodies from 
oscil lation during the  free drop are listed in  table IV. As i l lust rated 
for body Kin the appendix, the t e r m  containing K in the  root of the 
equation of motion when agplled  to each of the  bodies w a s  found t o  be so 
small that it had only R negligible  effect on the values of $ ( s ta t ic  
a tab i l i ty )  obtained. The degrees of s t a t i c   s t ab i l i t y  of the various 
bodies as detefmlned Iran the free-oscillation-tests  shared  qualitative 
agreement with the relative degrees of stability indicated by the motione 
observed during  the free-drop tests. 

Method of Calculating  Stability 

. 

As air flows around a body of revolution of the  subject  type when 
inclined at an angle of attack,  the  velocities Over the bottom surface 
axe different from those on the  top half, and these  velocity  afferences 
cause--unbalanced presyrea-knd  forces which gay came a pitching moment 
on the body. An attempt is made here t o  develop R convenient method for 
estimating  the  pitching moment8 of the bodies vlthout  the  necessity of 
d i n g  a detailed  study of pressures and forces a t  various points on the 
f ront  o r  base surfaces.  Consideration i s  given, by a stripanalysis 
method, to  forces on the body normal t o  the surface  profile in  the  plane 
of symmetry i n  which (r i s  measured, the forces being taken as  functions 
of-the  free-stream  velocity components in that normal direction. In using * .  
t h i s  approach, cognizwce .was.. taken of some two-dimensiopal results pre.- 
sented in reference---3-which indicate that the  force on a circular  cylinder 

. " 

- .  -~ 

" 

v 



in  the  defined normal direction is  a function of the component of free- 
stream  velocity in that m c t i o n .  The (frictional)  f l o w  p a r a e l  t o  
the surface  profile 1s disregarded. 

. 
- 

It is convenient t o  consider a body element of length d x  (see 
f ig .  2) as be- the wedge-shaped front of a hollow right-circular- 
cylinder element wlth a length of L - x, a thickness of dr, and pro-. 
jected  surface &rem in longftudinal and transverse  (parallel and 
perpenflicubr,  respective-, t o  longitudinal. body axis) bow planes 
of 2r dx arid . 2m dr. When the body of revolution is at  &ti angle of 
attack,  the components of free-stream  velocity normal t o  the surface at 
the bottom and top  points of the body -element dx Fn the plane in which 
(r is measured may be expressed,  respectively, as V sin ( e  + a) and 
V sin (6 - a) . On the base of the body (reax  surface of the hollow 
cylinaer)  directly  behind the bottom  and top points on the front,  the 
free-stream "city components normal t o  the surface may each be 
expressed as V cos a. For convenience, le t  ~ consider  the  unbalanced 
force on the hollow-cylinder  element due to  these  different normal 
velocity components in t+rms of separate  .transverse and longitudinal  forces. 
A t  the bottom and top points, respectively, of the  front of the element, 
the  transverse  force components would be @ ' a p o r t i o d  t o  

and the longitudinal  force conrgonenta would be proportional t o  

V2sillqe +.a) sin e 
2 

and 

(vectors shown i n  fig. 2 ) .  On the reax surface of the hollow cylinaer 
there would be no transverse  force components and the longitudinal  force 
components at both the bottom and top points of the element would be  pro- 

portional t o  e V2cos2 a. The pitch- moment about the center of' gravity 2 . of the body due -to the  transverse and longitudFnal  forces on the element is 

. 
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d~ = Ut(% - X )  + U Z r e  (1) 

Expanding equation (I) by use of -the faregoing relationships, .and +eluding 
the  local  force  coefficierits c&wo ' a n d '  c u 0  gives- 

or 

r .  

It can be shown by  expahding and collecting terms that- 
. " 

and, since re =.., 2 r  
3L 

The moment due to the  forces over the whole body may be obtained by 
integrating  the  incremental. moments over the length of the body. 

In  the  present.  investigation, the value of C D ~ ~  (table XII) - 1  

.. 
determFned from the free-drop  testa of each body was used as cda,--oo 
f o r  sll body elements of that particular body. I n  regard to  values for - 

it was believed wt the  present purpose of calculating €he . 

L 

cdacgoo,. . . . . . . . .  .-. . . . . . . . . . . . . .  . "" - - .  _. . . . . . . . . . .  . . .  *"  4 



approximate s t ab i l i t y  of the bodies  could be achieved by us- the value . of the  product ~ C G ( C O S  e),  a~ 
caac900 

for all body elements of a 

par t icubz  body. - The quantity qcd WEts orig3-y intended (ref .  4) 
f o r  use  determining  the  average  section ' d r a g  coefficient of a circular 
cylinder of finite length and the  (cos e)  av term is  intended  as mi . 
attempt t o  cowensate f o r  .the  fact twt qc does not  include  the 

effects of body curvature along the length of the  present bodies. 
Although vdues of qCdc were obtained  (ref.  4).only at a cross-flow: 

Reynolds number of 8.8 x lo4, they  me assumed herein t o  be applicable 
over the Reynolds number ratige of the  present  inveetigation, i n  which 
range  c~ ha8 a constant  value of 1.2. A value of q was' obtahed 

f o r  each body by extrapolating the curve shown i n  figure 3 which. is based 
on €he results of the aforementioned  experiments on circular  cylindere. 
A value of (cos was obtained f o r  each body  by plotting a curve of 
cos 8 against body station,  integrating the area under the curve, and 
then  dividing by. the body length. 

d C 

dc 

In the present  investigatwn,  integrations  of-the  products of the 
variables i n  the two terms of equation (2) were  p.erformed graphically 

and multiplied by the respective  factors and 
2 sin 2a.q&m0 

. volme 
4 sin 2 o"cq&o 

Vol" . - - 
for an angle-of-attack  range Ct-o;:00 to  goo to  obtain the 

pitching-moment coefficient over this range. I " 

Results of Stability  Calculations 

' The resul ts  of the  ,calculations are presented i n  figure 4 and in 
the tabulated values of in table V. As would be  expected from the  
nature o f  the equation used i n  calculating the pitching moment, the 
curves f o r  C, agaFnst CG are symmetrical  about a maximum value a t  an 
angle of attack of &5O a@ r e t u n i t o  a yalue of zero at an angle of attack 
of goo. The results  indicate that all the bodies except body F are .  
s ta t ica l ly  stable, and the resul ts  are therefore  in qditative agreement 
with the  Hnd-twfneltest  results  discussed earlier i n  this  paper. For 
the  various  statically  stable  bodies, the slopes of the curves show a 
general agreement between the  relative degrees of . s t ab i l i t y  as obtafned 
experimentally and as calculated; that is, bodies A and B ar-e most stable, 
body C less stable, and so forth.  Good quantitative agreement was 
obtained between the C& values from the  calculation method and those 
obtained from the oscillation  techniques, &E may be  seen  by comparing 
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tables-IV and V. It is of interest that the resu l t s  of the calculations 
for body F with i ts  center of gravity moved forward t o  50-percent body 
length  Fndicate  stabillty; this result is  in agreement with the experi- 
mental resul ts .  Table V includes a breakdown of the calculated  resultant 
s t ab i l i t y  of  each body i n .  terms of the  contributions  to % caused by 
the respective  tr~msveree  and.longitudinal  forces. As  can be  seen from 
the table, the  contributions duc t0  the longitudinal force f o r  each body 

' was a stabi l iz ing moment, -whereas the contrAbution due t o  the  transverse 
force was destabilizing  except for body F with its center of  gravity 
moved forward:. . , .  . . . . . .- . . 1 . ....~ . . . . . 

" . . .  . .  . 

It is of interest that, i f  an average value of c b o  based on ' 

the six measured values  obtained  for  the  bodies of the present  investi- 
gation had been used in calculatjng  the  stabil i ty of each body, the 
changes in .% would be within about k20 percent of  the  values  calcu- 
lated. Thus, it appears .th,at, i f  the pethod  developed for  calculating 
the stability of the  subject  bodies is applied  to  other  bodies of the 
same general type and im measured value of c b o  is available, an 
averwe o r  estimated  value -of c-o can.  be  used and should allow 
qualitative  determination  of._the.  stability of the body with a reasonable 
degree of reli&b€lity;-  

. A n  investigation has been made of the  s tabi l i ty  uf several  bodies 
of revolution having fineness  ratioa  smaller  than 1.0 and having rounded 
fronts and blunt bases. Free-drop tests were made i n  the ver t ica l  Langley 
20-foot free-spinning tunnel t o  determine the  behayiqr of the various 
bodies i n  descent. The -results  indicated that the stability of the  bodies 
as determined from observed  motions  decreased as the body shapes varied 
from a hemisphere to a near-paraboloid. F'ree-gsc;ULEttion t e s t s  w e r e  made 
f o r  some o p t h e  bodies and the s t a t i c   s t a b i l i t y  parameter .% was found 
t o  be indicative of the relative  behaviors noted aiming the f'ree-drop 
tes ts .  In addition  to-the  determlmtion of s t ab i i i t y  from the free-body 
tes ts ,  a method for calculating the apgroximate s t ab i l i t y  of the subject 
type of body was -developed.' .Results  obtained by this calculat-ion method 
agreed well with the experimntal  results. . 

- .- 

v .  

.. . 

I 

. .. 
" 

" 

" 

Langley Aeronautical  Laboratory, 
National Advisory Committee fo r  Aeronautics, 

Iangley  Field, Va. 



NACA RM L 5 2 m  

. 

METEIOD OF D-G STABIZITY, OF BODY BY 0SCIIl;ATIOW TEZENIQIIE 

The  applicable n o n r 7 n s i o n a l  single-degree-of-freedom  equation of 
motion for the  bodies of revolution is 

from  which  the  characteristic  equation is 

or 

The  roots  are 

The formulas 

R 

and 

were used t o  determfne K and L. In ofder to illustrate  the  use ’of 
this technique,  work  done for body B is shorn. F r o m  an extrapolation of 
the plot  in  figure 5, which  was  prepared from motion-picture  records of 
the  oscillations of body B, it was determined that 

= 1.17 sec 

P 



Then, into the forrmrLa 

' the followin@;' constant values for body B are  substituted 

L =I .0.1Q5 . f t  

v = 46.5 Ft/sec 

cr = 146.8 

ICY2 = 0.1953 . .  . .  

. . . . . ". 

Therefore, 

where--the negative s ign  is inserted with the.  quastitative  value of . K 
because the damping opposes the' o sc i lh to ry  motion. 

From figure 5, it WELS d q o  determined that 

P = 0.35 sec 

Then, f r o m  the formula 

and by using the constants and K for body B it was found that 

where the minus sign is  Inserted with the quantit.&tive value of Cma 
because the  s ta t ic   s tabi l i ty  opposes the  osci-llatory motion. 

. " . 

I -  

. .  

. 
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’ I I A B L E .  11 . - DIMEMSIOW AND MASS D m  FOR B D D m  OF RIpy0I;UTIoH 

location, 
Center-of-gravity 

Ib 
percent length 

59.6 

fio -9 

64 .O 

61.4 

64.5 

64 .O 

50 .O 

. . .. 

%ad ballast added to front of body F to move center of gravity forward. 

v 

. . .  . . 
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46.5 

.402 49 -0 

.410 

-363 51 .O 

53 .o 

Bso .o 
b53 .O 

Wstimated value if model had descended in mse vertically down attitude. 
b k a d  ballast  added to front of bcdy F t o  mve center of gravity fornard. 
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Bow . c m a  K - per  radian 

A -0.272 1.242 

B .  

1.38 aF 

- .x8 1.21 c 

- .la6 .430 

- .I49 
"557 

venter of gravity of body F moved forward to 
5 O - w c a t  body length. 
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A 
B 
C 
D 
E 
F 

bF 

I 

c% 
per radian 

(&om slope  of 
calculated 
curves' in 
fig. 4) 

Component of Cm, 
due t o  transverse  forces T 

Sense 

Magnitude in 
percentage 
of value of 

Destabilizing 

Stabilizing 

I2 
30 
39 
93 
142 
889 
32 

Component of Cma 
due to  longitudinal  forces 

Sense 

Stab9 

%um of two percentages is 100 percent. 
bCenter. of gravity of body F moved forward to 50-percent body length. 

1l2 
130. I 

139 
193 
242 
789 
68 

t 
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j, Body A 

r1.384-4 

1, I 

Body D 

Body B 

Body E Body F 

Figure 1.- Profile sketchee of bodies o f  revolution tested in the 
Langley 20-foot free-spiuning tunnel. All di~~~naldns are jll inches. 
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Fineness ratio 

Figure 3.- Ratio of the drag coefficient o f  a c i r cu la r  cyllnaer of f i n i t e  
length t o  that of a cylhder  of infinite length as a function of the 
fineness ratio. Data taken from reference 4. Rqnolde number, 8.8 X lo4. 
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Figure 4.- Calculated curves far I& against a fcr bodies of revolution. 
For description of bodies, see table.11. 
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Figure 5.- Variation of amplttude of oscfflation with time for  body B 
as o b t u  f ran motion-picture records. 

.. . 

W 
N 


